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ABSTRACT The molecular evolution of the opioid recep-
tor family has been studied by isolating cDNAs that encode six
distinct opioid receptor-like proteins from a lower vertebrate,
the teleost fish Catostomus commersoni. One of these, which
has been obtained in full-length form, encodes a 383-amino
acid protein that exhibits greatest sequence similarity to
mammalian m-opioid receptors; the corresponding gene is
expressed predominantly in brain and pituitary. Transfection
of the teleost cDNA into HEK 293 cells resulted in the
appearance of a receptor having high affinity for the m-selec-
tive agonist [D-Ala2, MePhe4-Gly-ol5]enkephalin (DAMGO)
(Kd 5 0.63 6 0.15 nM) and for the nonselective antagonist
naloxone (Kd 5 3.1 6 1.3 nM). The receptor had negligible
affinity for U50488 and [D-Pen2, D-Pen5]enkephalin (DP-
DPE), which are k- and d-opioid receptor selective agonists,
respectively. Stimulation of transfected cells with 1 mM
DAMGO lowered forskolin-induced cAMP levels, an effect
that could be reversed by naloxone. Experiments in Xenopus
oocytes have demonstrated that the fish opioid receptor can,
in an agonist-dependent fashion, activate a coexpressed mouse
G-protein-gated inward-rectifying potassium channel
(GIRK1). The identification of six distinct fish opioid recep-
tor-like proteins suggests that additional mammalian opioid
receptors remain to be identified at the molecular level.
Furthermore, our data indicate that the m-opioid receptor
arose very early in evolution, perhaps before the appearance
of vertebrates, and that the pharmacological and functional
properties of this receptor have been conserved over a period
of '400 million years implying that it fulfills an important
physiological role.

Opioid receptors mediate the effects of morphine and its
derivatives and are the targets of endogenous opioid peptides.
They have been pharmacologically classified into three major
categories (m, d, and k), each containing at least two subtypes
(1–3). cDNAs that encode mammalian d- (4–6), k- (6–9), and
m-receptors (10–13) have been described. In addition, cDNA
cloning (14, 15) has revealed the existence of an opioid
receptor-like protein (ORL1), which has been shown to bind
an endogenous peptide that has been called nociceptin (16)
and orphanin FQ (17). All of these receptors are members of
the G-protein-coupled receptor superfamily and, thus, are
each predicted to contain seven transmembrane domains.

Activation of opioid receptors results, through a pertussis-
toxin sensitive mechanism, in the inhibition of adenylate
cyclase and the modulation of calcium and potassium conduc-
tances (3, 18).

The m-opioid receptor mediates the analgesic and addictive
effects of morphine, and mice deficient for this receptor do not
respond to this drug in tests for antinociception and physical
dependence (19); somewhat surprisingly, these mice exhibit no
morphological or behavioral abnormalities. Although the
physiological function(s) of the m-opioid receptor (as well as of
other opioid receptors) remains unclear, it has been suggested
that the opioid system is inactive under normal resting con-
ditions and is only called into action in response to particular
environmental circumstances (20). In an attempt to shed light
on the biological roles played by opioid receptors, and to
investigate their phylogeny, we have isolated cDNAs from a
teleost fish, namely the white sucker Catostomus commersoni.
We show here that the sequence, pharmacology, second
messenger coupling, and agonist-induced potassium channel
(GIRK1; G-protein-gated inward-rectifying potassium chan-
nel) response of one of these (a m-receptor) have been highly
conserved during the course of vertebrate evolution.

MATERIALS AND METHODS

Cloning of C. commersoni Opioid Receptor cDNAs. Random
hexamer-primed cDNA, synthesized from total RNA isolated
from the brain of C. commersoni, was amplified using the
degenerate oligonucleotide primers: 59-AAGAGATCTACX-
AA(CyT)AT(AyCyT)TA(CyT)AT(AyCyT)TT(CyT)AA-39,
where X 5 A, C, G, and T, and 59-GGGGAGCTCACXGC-
CATXACCAT(AyGyT)ATXGG-39. These recognize the nu-
cleotide sequences that encode amino acids 81–90 (KTAT-
NIYIFN; single-letter code) and 182–191 (PIMVMAVTNP),
respectively, of the mouse d-opioid receptor (5). Products were
cloned into M13 vectors, taking advantage of restriction
endonuclease recognition sites (underlined) incorporated into
the 59 ends of the PCR primers, and sequenced. To obtain the
59 and 39 sequences that were missing from one of the partial
clones, we applied the rapid amplification of cDNA ends
technique (21) to C. commersoni whole brain first-strand
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cDNA, essentially as described (22, 23). These sequences were
used to design two primers: 59-TGTGAATTCTGGGCTG-
GCAGCGCGACTCCA-39 and 59-TTCGAATTCGGA-
CAGTCCTGACATCGAAGC-39, which correspond to nucle-
otide sequences that flank the coding region. The primers were
employed in the PCR to generate a full-length cDNA, which
was cloned into pBluescript KS1, yielding plasmid psuck10,
and sequenced.

Transfection and Ligand-Binding Assays. An '1.2-kb
EcoRI–XhoI fragment of psuck10, which contains the entire
open reading frame, was subcloned into the expression vector
pcDNA3 (Invitrogen) downstream of the cytomegalovirus
(CMV) promoter. Human embryonic kidney 293 (HEK 293)
cells (American Type Culture Collection) were transfected
using the calcium phosphate method (24), and stable trans-
fectants were selected in the presence of 450 mgyml geneticin
(G-418 sulfate; GIBCOyBRL) without clonal selection (25).
Membranes were prepared and binding (10 mg proteiny
reaction) was performed at room temperature, for 1 h, in 20
mM Hepes (pH 7.4), 3 mM MgCl2, 0.05% (wtyvol) BSA, 2 mM
EGTA, 0.4 mgyml bacitracin, 0.5 mgyml phenylmethylsulfonyl
f luoride, 0.02 mgyml leupeptin, 4 mgyml pepstatin, and 16
unitsyml trasylol, using either [3H]DAMGO ([D-Ala2,
MePhe4-Gly-ol5]enkephalin; Amersham, 58 Ciymmol; 1 Ci 5
37 GBq) or [N-allyl-2,3-3H]naloxone (Amersham, 41 Ciy
mmol). Reactions were terminated by vacuum filtration
through GFyC filters (Whatman) that had been pretreated
with 0.5% (volyvol) polyethylenimine. These were then
washed twice with ice-cold buffer comprising 15 mM TriszHCl
(pH 7.4), 2 mM MgCl2, and 0.05% (wtyvol) BSA. Filter-bound
radioactivity was then determined by liquid scintillation count-
ing. Nonspecific binding was determined in the presence of 10
mM naloxone.

cAMP Assay. Stably transfected HEK 293 cells were cul-
tured in 24-well microtiter plates that had been pretreated with
poly-D-lysine. Confluent cell monolayers were incubated with
500 mM 3-isobutyl-1-methylxanthine in DMEM (GIBCOy
BRL), without serum, at 37°C for 60 min. The medium was
then replaced with DMEM containing 16 nM forskolin and
various opioid receptor ligands. After incubation at 37°C for 30

min, the medium was removed and the cells were kept in 70%
(volyvol) ethanol at 220°C overnight. The cell extracts were
then collected and lyophilized, and then the cAMP content was
determined using a radioimmunoassay kit (DuPont).

Functional Expression in Xenopus Oocytes. RNAs were
synthesized in vitro from plasmid psuck10, from a pcDNA3
plasmid containing a full-length mouse GIRK1 cDNA, and
from a pRcyCMV plasmid (Invitrogen) containing a full-
length rat m-opioid receptor (MOR1a) cDNA. Opioid receptor
and GIRK1 RNAs were mixed in a 1:1 ratio and injected, at
a concentration of 80 ngyml, into Xenopus laevis oocytes.
Whole-cell voltage-clamp recordings were made 2–4 days after
injection. Oocytes were superfused with ND-96 medium (96
mM NaCly2 mM KCly1.8 mM CaCl2y1 mM MgCl2y5 mM
Hepes, pH 7.4) and clamped at 280 mV. To measure the effect
of opioid receptor agonists, the medium was changed to a high
potassium medium (hK; ND-96 but with 96 mM KCly2 mM
NaCl). After the initial potassium-activated inward current
reached a plateau, agonists were applied in hK. Following
washout of the agonists with hK, 300 mM BaCl2 (in hK) was
applied to determine the contribution of GIRK1-mediated
currents to the total inward current observed.

Northern Blot Anaysis and Reverse Transcription–PCR
(RT-PCR). Total RNAs were prepared using the RNA isola-
tion solvent RNA-Clean (AGS, Heidelberg), and dissolved in
water. Approximately 50 mg of each RNA was electrophoresed
through a 0.7% (wtyvol) agaroseyformaldehyde gel and trans-
ferred to a Hybond-N nylon membrane (Amersham). The blot
was hybridized, in 50% (volyvol) formamide, 43 SSC (13
SSC 5 0.15 M NaCly0.015 M sodium citrate, pH 7), 0.5%
(wtyvol) SDS, 53 Denhardt’s solution, 1 mM sodium pyro-
phosphate, 25 mM sodium phosphate (pH 7), 100 mgyml
polyadenylic acid, 120 mgyml heparin, and 100 mgyml yeast
tRNA, at 50°C for 18 h. An '820-bp EcoRI–SphI fragment
from psuck10 was used as a probe; this was labeled with
[a-32P]dCTP, to high specific activity, using a Prime-It II
random nonamer labeling kit (Stratagene). The blot was
washed twice in 0.13 SSC, 0.1% (wtyvol) SDS, at 65°C for 15
min, and then exposed to BioMax x-ray film (Kodak). The blot
was subsequently stripped and rehybridized, under the same

FIG. 1. Primary structure of the C. commersoni m-opioid receptor. The fish m-opioid receptor sequence has been aligned with those of the rat
m- (11), k- (9), and d- (11) opioid receptors, and the rat ORL1 receptor (14), using the computer program PILEUP (Wisconsin Sequence Analysis
Package, Version 8, Genetics Computer Group, Madison, WI). The seven putative membrane-spanning domains which are common to
G-protein-coupled receptors are enclosed in boxes, and asterisks mark positions at which the C. commersoni and rat m-receptor sequences are
identical. In the fish sequence, consensus N-linked glycosylation sites are boxed, and potential targets for phosphorylation by either protein kinase
A or C (see text) are high-lighted by white lettering on a black background.
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conditions, with an '1,070-bp BglII–EcoRI fragment of a C.
commersoni b-actin cDNA (F.R.G., unpublished data), to
confirm that similar amounts of RNA had been loaded in each
lane.

For RT-PCR, total RNA (15 mg per sample) was treated
with RNase-free DNase (Promega) and first-strand cDNA was
synthesized, in a final volume of 50 ml, using random nonamers
(Stratagene). Control (‘‘sham’’) reactions, from which reverse
transcriptase was omitted, were set up in parallel. A total of 1
ml of each reaction was then amplified using oligonucleotides
59-CCTGGTACCGGGAGACCCTCCTGAAGATCT-39 and
59-TGTGAATTCTGGGCTGGCAGCGCGACTCCA-39
(which recognize the fish m-opioid receptor cDNA), and
59-CCTGAGCTCAAATACTCCGTCTGGA-39 and 59-
TCTCTGCAGAGTTTGAGTCGGCGTG-39 (which recog-
nize the fish b-actin cDNA). Amplification was for either 35
(m-receptor) or 30 (b-actin) cycles of 94°C for 1 min (dena-
turation), 65°C for 1 min (annealing), and 72°C for 1 min
(extension). Note that no product was generated in any of the
sham control amplifications.

RESULTS
Sequence of a Teleost Fish m-Opioid Receptor. Using de-

generate oligonucleotide primers, the sequences of which were

based on the mouse d-opioid receptor sequence (5), we have
isolated six different C. commersoni cDNA fragments, each of
which encodes an opioid receptor-like sequence. One of these
has been obtained in full-length form using the 59 and 39 rapid

FIG. 2. Binding of opioid receptor ligands. Saturation binding
experiments, with either the nonselective opioid receptor antagonist
[3H]naloxone (A) or the m-selective agonist [3H]DAMGO (B) to
membranes prepared from HEK 293 cells expressing the C. commer-
soni m-opioid receptor, were carried out as described. Specific binding
was calculated by subtracting the nonspecific binding (determined in
the presence of 10 mM naloxone) from the total binding determined
using a range of concentrations of either [N-allyl-2,3-3H]naloxone
(0.1–30 nM) or [3H]DAMGO (0.1–30 nM). (Insets) Scatchard plots
calculated from the binding data shown.

FIG. 3. Displacement of [3H]naloxone binding by DAMGO but not
by either DPDPE or U50488. The binding of 10 nM [N-allyl-2,3-
3H]naloxone to membranes prepared from HEK 293 cells expressing
the C. commersoni m-opioid receptor was determined in the presence
of a range of concentrations of the m-selective agonist DAMGO (0.1
nM to 10 mM; A), the d-selective agonist DPDPE (0.1 nM to 10 mM;
B), and the k-selective agonist U50488 (0.1 nM to 3 mM; C).
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amplification of cDNA ends method (21). Sequence analysis of
this cDNA revealed an open reading frame for a 43.2-kDa
protein that comprises 383 amino acids (Fig. 1). The protein
exhibits strong sequence similarity to the mouse, rat, and
human m-opioid receptors (75%, 75%, and 74% identity,
respectively); it displays much weaker identity to the mamma-
lian d-, k-, and ORL1 receptors (58%, 60%, and 52%, respec-
tively, to the rat sequences). The teleost m-like receptor has
seven hydrophobic, putative membrane-spanning domains
(TM1 to TM7), five consensus sites for the addition of N-linked
sugars (Asn-6, Asn-21, Asn-28, Asn-31, and Asn-39), which are
located N-terminal of TM1, and two potential palmitoylation
sites (Cys-342 and Cys-347) after TM7 (Fig. 1). In addition, the
sequence contains sites for phosphorylation by protein kinase
A (Thr-275, between TM5 and TM6) and protein kinase C
(Thr-169, between TM3 and TM4; Ser-257, between TM5 and
TM6; and Ser-359, after TM7).

Pharmacology of the Teleost Fish m-Opioid Receptor. To
pharmacologically characterize the C. commersoni m-like re-
ceptor, we transfected the cloned cDNA into HEK 293 cells
and performed radioligand-binding experiments on cell mem-
branes. Using the nonselective opioid receptor antagonist
[3H]naloxone, binding was observed to be saturable (Fig. 2A)
and due to a single class of high-affinity binding sites (Kd 5
3.1 6 1.3 nM; 11.7 pmolymg of membrane protein). This
binding could be displaced by the m-receptor selective agonist
DAMGO (Fig. 3A), but not by either the d-selective agonist
[D-Pen2, D-Pen5]enkephalin (DPDPE; Fig. 3B) or the k-selec-
tive agonist U50488 (Fig. 3C). Saturation binding with
[3H]DAMGO revealed two classes of binding sites (Fig. 2B)
with Kd values of 0.63 6 0.15 nM (0.95 pmolymg) and 3.8 6
0.7 nM (2.55 pmolymg). Added together, these two sites
represent 3.5 pmolymg, which is considerably less than the
number of [3H]naloxone binding sites. These data indicate that
not all of the naloxone binding sites have high affinity for
DAMGO, and they are in agreement with the observation
(Fig. 3A) that the displacement of [3H]naloxone binding by

DAMGO is incomplete. A plausible explanation for these
findings (Figs. 2 and 3) is that the expression of a receptor, that
derives from a fish that lives in cold temperatures, in a human
cell-line, results in a substantial proportion of receptors having
an incorrect agonist-binding conformation at 37°C.

Functional Coupling of the Teleost Fish m-Opioid Receptor.
To study the effect of activation of the fish m-opioid receptor,
we measured the effect of 1 mM DAMGO on forskolin-
stimulated cAMP accumulation in transfected HEK 293 cells.
This agonist decreased the amount of cAMP by 74 6 3%, and
10 mM naloxone completely abolished this effect (Fig. 4). In
contrast, 1 mM U50488 caused only a slight reduction (25 6
18%) in cAMP levels, and 1 mM DPDPE had no effect.
Interestingly, naloxone treatment alone resulted in a slight
increase in cAMP levels. This suggests that some spontaneous
activation of the receptor, which can be blocked by the
antagonist, occurs in HEK 293 cells. Lastly, none of the
agonists had an effect on forskolin-stimulated cAMP accumu-
lation in untransfected cells (Fig. 4), which is in agreement with
the absence of [3H]naloxone binding sites (data not shown).

FIG. 4. Functional negative coupling to adenylate cyclase. Subtype-
selective opioid receptor agonists were tested for their ability to inhibit
forskolin-stimulated cAMP accumulation in HEK 293 cells expressing
the C. commersoni m-opioid receptor (filled bars) and in nontrans-
fected cells (striped bars). Cells were incubated in the presence of 16
nM forskolin (FSK) alone or together with either DAMGO (1 mM),
DAMGO (1 mM) plus naloxone (10 mM), naloxone (10 mM), U50488
(1 mM), or DPDPE (1 mM).

FIG. 5. Functional coupling to mouse GIRK1. Dose-response
curves are shown for the DAMGO-induced peak currents obtained
from Xenopus oocytes expressing GIRK1 and either the C. commersoni
m-opioid receptor (F) or the rat m-opioid receptor (M). Above these
are displayed typical current traces recorded from an oocyte express-
ing only GIRK1 (Left) and from an oocyte expressing GIRK1 and the
fish m-opioid receptor (Right). Open bars indicate the period of time
during which the perfusion medium was changed from ND-96 to hK;
the solid bars denote the subsequent application of 1 mM DAMGO
(bar A) and 300 mM BaCl2 (bar B). Note that in oocytes expressing
either GIRK1 alone or GIRK1 and a m-opioid receptor, changing from
a bathing medium with a low potassium concentration (2 mM; ND-96)
to one with a high potassium concentration (96 mM; hK) induces an
inward current due to endogenous potassium channels and basal
activation of GIRK1. A subsequent response to DAMGO is only seen
when a m-opioid receptor is present. The application of BaCl2, which
specifically blocks GIRK1 currents, permits determination of the
contribution of this channel to the total current response. (Bars:
vertical, 60 nA; horizontal, 120 sec)
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Xenopus oocytes that had been injected with in vitro-
transcribed RNA for the C. commersoni m-opioid receptor did
not respond to the application of any opioid receptor ligand
(data not shown). This indicates that the receptor is not
coupled, via G-proteins of the GqyG11 family, to the activation
of phospholipase C. It has previously been shown that agonist
binding to opioid receptors can result in the activation of an
inward-rectifying potassium channel (26). The gating of this
channel is due to a direct interaction with free bg subunits of
heterotrimeric G-proteins (27). After injection of Xenopus
oocytes with in vitro-transcribed RNA for the mouse GIRK1,
no response was observed upon the application of opioid
receptor ligands (Fig. 5). However, coinjection of RNA for the
fish m-receptor and GIRK1 resulted in potassium channels that
could be efficiently and dose-dependently activated by
DAMGO (Fig. 5), but not by U50488 or DPDPE. A compar-
ison of the coupling to GIRK1, of the fish and rat m-receptors,
revealed that the EC50 value for activation of the mammalian
receptor is 10-fold lower (0.04 mM) than that (0.4 mM) of the
piscine receptor. The difference in the EC50 values presumably
reflects differences in the coupling efficiencies between the
mouse channel and the fish and rat receptors.

Tissue Distribution of the Teleost Fish m-Opioid Receptor.
As assessed by Northern blot analysis of total RNA, the
m-opioid receptor gene is expressed in the teleost fish brain
(Fig. 6A); there, two transcripts of 2.8 and 5.8 kb are detected.
Due to a shortage of tissue, it was not possible to include
pituitary RNA on the Northern blot. However, RT-PCR (35
cycles of amplification) revealed that the fish m-opioid receptor
gene is expressed in this tissue (Fig. 6B). At higher cycle
number, very weak expression was also observed in liver (data
not shown). The RT-PCR amplifications with b-actin primers
(Fig. 6B) confirmed the integrity of the cDNAs used.

DISCUSSION

To date, in mammals, four opioid receptors have been iden-
tified in cDNA cloning studies. From the lower vertebrate C.
commersoni, a teleost fish, we have isolated a full-length cDNA
for a m-receptor plus five partial clones that encode distinct
opioid receptor-like proteins (Fig. 7); of the latter, one resem-
bles the k-receptor, one is similar to the ORL1 receptor, and
three appear related to the d-receptor. When compared with
the latest update of the EMBLyGenBank database, all of the
partial sequences are seen to most closely resemble mamma-
lian opioid receptors. Our results can be interpreted in one of
two ways: either the number of distinct opioid receptors has
decreased during the evolution of vertebrates or there exist
additional mammalian opioid receptors for which cDNAs have
yet to be isolated. Evidence for the latter is suggested by
pharmacological experiments that have distinguished subtypes
of the different mammalian opioid receptors (3).

When the teleost fish m-opioid receptor is expressed in HEK
293 cells, we observe a single class of high-affinity binding sites
for [3H]naloxone. However, saturation binding experiments, to
the same membranes, revealed two classes of binding sites for
[3H]DAMGO (Kd 5 0.63 6 0.15 nM and 3.8 6 0.7 nM). The
site with a Kd value of 0.63 nM probably corresponds to that
population of receptors which is functionally coupled to a
G-protein; this affinity is comparable to the Kd of 0.4 nM which
has been reported for the rat m-opioid receptor expressed in
COS cells (13). The site with a lower affinity for [3H]DAMGO
likely represents receptors that are not coupled to a G-protein.
Note that two types of DAMGO binding sites have previously
been reported for the expressed rat m-opioid receptor (28).

We have shown that the fish m-opioid receptor can func-
tionally couple to G-protein-linked signaling pathways. Thus,
DAMGO substantially reduced forskolin-stimulated cAMP
levels in receptor-expressing HEK 293 cells. This is in line with
the inhibitory effect on adenylate cyclase that has been ob-

FIG. 6. Tissue expression of the C. commersoni m-opioid receptor
gene. Shown are the results of a Northern blot analysis (A) and an
RT-PCR experiment (B). The numbers on the left indicate the
estimated transcript sizes (A) and the amplified cDNA fragment sizes
(B). For details, see Materials and Methods.

FIG. 7. A family of opioid receptor-like sequences exists in C.
commersoni. The dendrogram shows the relationships of the partial
sequences of five teleost fish opioid-like receptors to the rat m- (11),
k- (9) and d- (11) opioid receptors, and the rat ORL1 receptor (14);
this was generated using the computer program PILEUP (Wisconsin
Sequence Analysis Package).
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served with all opioid receptors identified to date (18). In
Xenopus oocytes, strong activation of a coexpressed G-protein-
gated potassium channel was produced by the application of
DAMGO, a feature that has also been described for the rat
m-receptor (26). This is, perhaps, not surprising given the high
degree of sequence identity seen, in the third intracellular loop
and the region just C-terminal of TM7, between the fish and
rat m-opioid receptors. These two regions have been shown to
be important in determining the specificity of G-protein
coupling in other members of the G-protein-coupled receptor
superfamily (29).

In conclusion, our data indicate that a diversity of opioid
receptors was present early in vertebrate evolution, and that
the structural and functional properties of the m-receptor have
been highly conserved over a period of '400 million years,
which is the evolutionary distance between teleost fish and
modern mammals (30). This is supported by observations of
enkephalin-containing and b-endorphin-containing neurons
in the brains of several species of fish (31, 32). Thus, the
m-opioid receptor arose very early in evolution, perhaps before
the appearance of vertebrates. Although, as far as we are
aware, an opioid receptor has not yet been cloned from any
invertebrate, there is ample evidence in support of the exis-
tence of opioid peptides in lower animals such as molluscs (ref.
33, and references cited therein). If the function of opioid
receptors in mammals is to suppress pain, then either they
fulfill the same role in lower vertebrates, or they have evolved
an antinociceptive function during the course of evolution.
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mouse GIRK1 and rat m-opioid receptor cDNAs, Thomas Kroslak
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